Evidence for a cone-specific kinase came with the segments. To investigate the function of GRK7 in vivo, identification of GRK7, a member of the GRK family (Hiwe cloned two orthologs of grk7 in zebrafish and satomi et al., 1998), which is expressed in teleost cone knocked down gene expression of grk7a in zebrafish outer segments. This kinase was found to be expressed larvae by morpholino antisense nucleotides. Photorein the cone-dominated retinas of the ground squirrel sponse recovery in Grk7a-deficient larvae was deand the Eastern chipmunk (Weiss et al., 1998) as well layed in electroretinographic measurements, and temas in the human and monkey retina. Remarkably, GRK7 poral contrast sensitivity was reduced, particularly is not present in rat and mouse cone outer segments under bright-light conditions. These results show that 
layer, indicating expression also in cones. This indi- were consistent with a cone-specific expression of Grk7a.
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It was also more strongly expressed in the cones than was the paralog grk7b. We therefore decided to target grk7a for functional characterization. 15 dpf) as determined by ERG (Bilotta et al., 2001). ConTo verify that the Grk7a protein is expressed in cones sequently, physiological and behavioral visual responses and to investigate whether Grk7a is expressed specificmeasured in larval zebrafish can be attributed to cones ally in cone photoreceptors, a polyclonal antibody (antionly.
Grk7a) was raised against two peptides of zebrafish Grk7a. In immunohistochemical stainings, this antibody Cloning of grk7 and grk1 Homologs in Zebrafish specifically and strongly stained cone outer segments To explore the role of cone-specific kinases in the ( Figure 2 ), whereas no labeling was observed in the cone-dominant zebrafish retina, we cloned orthologs of negative control stainings with preimmune serum (see the rhodopsin kinase grk1 and the cone-specific kinase Figure S1 in the Supplemental Data available with this grk7 from zebrafish cDNA (Table 1) . In zebrafish many article online). High magnification pictures (Figures 2B genes are found to be duplicated as a result of a geand 2C) of anti-Grk7a-labeled sections clearly showed nome duplication, which occurred most likely after the that the strongest labeling was restricted to cone outer divergence of ray-finned and lobe-finned fishes before segments, whereas cone inner segments, processes, the teleost radiation (Postlethwait et al., 2000) . and pedicles were only faintly labeled ( Figure 2C ). The Accordingly, two paralog genes for grk7, denoted as region of the cone somata was always devoid of any grk7a and grk7b, were identified by database searches.
Grk7a staining. Specific primers were designed and the full coding seThe gradient of grk7a mRNA levels between the central quences for both genes were amplified from zebrafish and the lateral retina seen in in situ experiments (Figure cDNA. Both genes code for proteins that are highly ho-1) is not reflected on the protein level. Anti-Grk7a stains mologous to human GRK7, showing 59% (Grk7a) and cone outer segments throughout the retina. 56% (Grk7b) sequence identity on the protein level. We Double labeling with anti-Grk7a and anti-rhodopsin cloned two orthologs of the rhodopsin kinase (grk1)
showed that Grk7a is expressed in cones and not in gene, denoted as grk1a and grk1b, which are also dunascent rods, as there was no identifiable colocalizaplicated in the zebrafish genome. The protein sequence tion ( Figure 3 ). This expression pattern is in agreement is 66% and 64% conserved in comparison with human with the expression of the homologs in humans and in GRK1. Furthermore, a partial coding sequence of the ground squirrels, in which GRK7 is expressed in cones, homolog of cone-arrestin c-arr (with 59% homology to but not in rods (Weiss et al., 2001 ). human C-arrestin) was cloned.
Morpholino-Mediated Knockdown of Grk7a
In order to address the function of Grk7a in cone vision, grk7a and grk7b Are Expressed in Cone Photoreceptors and the Pineal Gland we performed a loss-of-function study using antisense morpholino oligonucleotide (MO)-mediated gene knockIn order to determine expression patterns of genes putatively involved in opsin phosphorylation, we prepared down. A morpholino antisense nucleotide was designed specifically to block translation of grk7a mRNA. Morriboprobes specific for grk7a, grk7b, grk1a, grk1b, and c-arr. Larvae were injected with a morpholino directed against the start codon of grk7a (grk7aMO) or with a the pineal gland and was hardly detectable in the eyes. Transcripts of c-arr, the cone-specific homolog of rod control morpholino (controlMO). Only larvae that hatched normally and had no visible abnormalities were searrestin (Zhu et al., 2003) , were also identified in cones. The rhodopsin kinase homolog grk1a shows characterlected for functional characterization. No obvious behavioral differences, including touch response and istic sparse rod staining (Raymond et al., 1995) . The paralog grk1b is expressed throughout the outer nuclear background adaptation, were apparent in these larvae. Histological sections through the eyes revealed neither flashes in 4 dpf larvae. The ERG is the sum field response of the retina to light and is a measure of outer any shortening of photoreceptor outer segments nor other retinal defects ( Figure 4A ). retinal function (Dowling, 1987) . In the larval zebrafish retina, the a-wave is largely masked by the positive deTo quantify knockdown of Grk7a in grk7aMO-injected larvae, Western blots were made with protein extracts flection of the b-wave and therefore is not a robust from these larvae and compared to samples from conmeasure of photoreceptor function. As a functional trolMO-treated larvae. Anti-Grk7a detects a single band measure we used the ERG b-wave amplitude recorded in Western blots from zebrafish whole protein, correfrom live larvae. The b-wave of the ERG originates from sponding to the predicted molecular weight of Grk7a retinal interneurons as a result of photoreceptor activity (62 kDa). To test crossreaction with recombinant Grk7a, and, thus, is an indirect measure of cone responses in we expressed the full coding sequence as a GSTlarval zebrafish. tagged fusion protein in bacteria. In a Western blot a To measure cone response recovery after light stimusingle band of the predicted height (82 kDa) was oblation, a probe-flash paradigm was used. A conditionserved only if bacteria were transformed with a plasmid ing flash (212 lux, 500 ms) was followed by a probe containing the grk7a coding sequence. Transformation flash of the same intensity with varying interstimulus with the empty plasmid did not result in a signal (Figintervals (ISI) . Recovery of b-wave amplitude was ure 4C). tested relative to the preceding conditioning flash. ReIn three independent injection experiments, Grk7a covery of ERG b-wave was 55% complete after 1 s in was barely detectable in Western blots at 4 dpf. Only control morphants ( Figure 5A ). In grk7aMO-injected larafter autoradiographic overexposure, a faint Grk7a vae, however, recovery was less than 10% after 1 s band became visible in grk7aMO-injected larvae (Fig-( Figure 5B), and recovery was not complete before ure 4C). Semiquantitative evaluation of the Grk7a pro-10 s ( Figure 5D ). The half-life of response recovery was tein level indicated knockdown below 5% of control estimated by a logarithmic fit to the nonsaturated part levels.
of the recovery curve as 0.9 s for control larvae and 2.4 s for grk7aMO-injected larvae ( Figure 5D , insert). To exclude the possibility that this delay in grk7aMO-ERG Response Recovery Is Delayed treated larvae reflects unspecific morphological changes in Grk7a-Deficient Larvae or a defect in visual pigment regeneration, we meaTo test if deficiency of Grk7a affects cone response recovery, we measured ERG responses to paired light sured the fading vision (fdv) mutant at 5 dpf with the under these conditions as measured on Western blots. From 6 dpf on response recovery is indistinguishable when tested with a conditioning and probe flash of 212 lux. On 7 dpf, response recovery was tested in addition with a high-intensity flash of 2120 lux. Under these conditions photoresponse recovery is still significantly reduced (p < 0.05; Figure S2 ). contrast sensitivity improves under light-adapted conditions compared to the dark-adapted state. Except for very high temporal frequencies, this relationship resame paradigm, as a negative control. This mutant has significantly reduced cone outer segments, and the reflects Weber's law regarding light adaptation (Kelly, 1961) . cycling of visual pigment is impaired in fdv mutant larvae due to a defect in the retinal pigment epithelium.
We tested whether cone vision was slowed down under steady-state light-adapted conditions in Grk7a-Biochemical analysis shows that the intermediate product retinyl ester accumulates at the expense of the redeficient larvae. Control and grk7a knockdown larvae were stimulated under dark (0.7 cd/m 2 ) and bright (363 generated visual chromophore 11-cis retinal (Schonthaler et al., 2005). Cone response recovery in larvae cd/m 2 ) background conditions with moving sine gratings of constant spatial frequency and varying temporal homozygous for fdv was 58% complete after 1 s (n = 7; Figure 5C ). No significant difference was found in refrequency. Larvae from three clutches that had been pooled before injection were tested at 4, 5, and 7 dpf. covery kinetics compared with that in sibling larvae (n = 5; data not shown).
For controlMO-injected larvae the temporal contrast sensitivity measured as optokinetic gain was higher unAs an additional control we performed a similar experiment with a lower dose of grk7a morpholino inder light-adapted conditions compared to the darkadapted conditions. This effect was most pronounced jected to promote recovery of protein expression. Response recovery was measured with an ISI of 1s at 4, at high temporal frequencies, consistent with psychophysical results in humans (Kelly, 1961) . In grk7a knock-5, 6, and 7 dpf. Protein expression recovers to 33% down larvae, the effect of light adaptation on temporal contrast sensitivity is reversed; sensitivity was markedly reduced under light-adapted conditions compared to control larvae (bootstrap resampling test of pooled data as described in the Experimental Procedures, p < 0.05) and also compared to the dark-adapted conditions at 4 and 5 dpf (p < 0.05). This reversal persists up to 7 dpf. Control larvae do not show higher temporal contrast sensitivity under dark-adapting conditions at any stage of development tested. We can therefore exclude the possibility that this effect is due to a nonspecific developmental delay in grk7aMO-treated larvae.
A control measurement with a low spatial (0.05 cycles/deg) and temporal frequency (0.23 cycles/s) pattern was done at the beginning of the experiment with a low-intensity grating (0.7 cd/m 2 ). Larvae injected with controlMO could not be discriminated from grk7aMO-treated larvae at 4, 5, and 7 dpf ( Figure 6A ) under these conditions, which shows that the observed reduction in visual sensitivity is specific for gratings with high temporal frequency, particularly under light-adapted conditions.
As a negative control we also injected a morpholino directed against grk1a, the ortholog of GRK1 in rods. We tested temporal contrast sensitivity under lightadapted conditions that showed the strongest effect in grk7a morphants. As expected from the expression in rods, which are not functional at this developmental phorylated photoactivated rhodopsin species continuously activate transducin. This leads to prolonged rod conditions only. Sensitivity recovery was correlated to the reappearance of Grk7a signal in Western blots. At dark adaptation after a bleaching light stimulus, independent of pigment regeneration. 9 dpf, when protein expression is recovered, visual performance is indistinguishable between control and To examine whether dark adaptation after a bleaching stimulus is similarly affected in cones, we measured grk7a morphants ( Figure S4) .
In order to establish a dose-response relationship for the recovery of b-wave responses to a dim test stimulus (21 lux, 100 ms) at different time points after 10 s of temporal contrast sensitivity, larvae from a single clutch were injected with different amounts of grk7aMO (5-30 bleaching with 2120 lux. The exact ratio of bleached pigment under these conditions was not determined ng). Temporal contrast sensitivity was measured at 4 dpf as above, but with a mean intensity of 41 cd/m 2 because parameters such as the pigment regeneration constant and half-bleaching intensities are not known Sensitivity is reduced at temporal frequencies > 1 cycles/s for all grk7aMO injected groups compared to the for zebrafish. In comparison with recovery kinetics from humans (Mahroo and Lamb, 2004), we estimate that control group (p < 0.05; Figure 6C ). Reduction of sensitivity correlated with the amount of grk7aMO. Increasless than half the pigment is temporarily bleached under these conditions. b-wave amplitudes recovered ing the amount of injected morpholino leads to reduced temporal contrast sensitivity (all group differences are with a half-life of w5 s in control morphants (n = 7), as estimated by a fit to the logarithmic linear part of the significant, p < 0.05). This dose-response relationship is in agreement with a concentration-dependent enzyrecovery data (Figure 7) . Deficiency of Grk7a leads to a delayed dark adaptation; the b-wave in grk7aMO-matic activity of Grk7a. . There is, however, a notable difference between of translation at 3 dpf is therefore predicted to result in mice and men with respect to the set of kinases exa low Grk7a expression that is persistent at later pressed in cones. Humans and cone-dominated anistages. Besides efficacy, the specificity of morpholino mals, such as pigs and dogs, express the rhodopsin action has to be shown. We established a dose-response kinase homolog GRK7 as well as GRK1 in cones. Rodrelationship to correlate morpholino dose with dedominant rodents, in contrast, do not express this kifective temporal contrast sensitivity. Furthermore, elecnase in cone outer segments (Weiss et al., 2001 ). Biotrophysiological and behavioral defects recover in corchemical experiments (Chen et al., 2001 ) showed that relation with the reappearance of Grk7a protein at later GRK7 can phosphorylate opsins in cultured retinas in a stages of development in morphant larvae.
light-dependent manner (Liu et al., 2005). However, this
The most convincing indication for a specific effect kinase has not been shown to be essential for cone of the Grk7a knockdown is the specificity of the phenodesensitization or light adaptation in vivo.
type. Visual performance is not affected under darkIn order to perform a loss-of-function study in larval adapted conditions with low spatial and temporal zebrafish, we cloned the zebrafish kinases that are posfrequency stimuli, but it is strongly reduced under lightsibly involved in opsin desensitization. Due to the teleadapted conditions. Therefore, we can, in agreement ost genome duplication (Postlethwait et al., 2000) , with our morphological data, rule out a general nonspemany genes, including GRK7 and GRK1, are duplicated cific effect on the retina. in zebrafish. Duplication does not necessarily imply functional redundancy of these paralog genes. Often,
Grk7a Deficiency Leads to Prolonged the spatiotemporal expression pattern or function has
Dark Adaptation diverged after the duplication event (Postlethwait et al.,
To study the functional consequences of Grk7a defi-1998). This is also the case for the opsin kinases. Immuciency in outer retinal function, we examined cone renohistochemistry confirmed that Grk7a is the paralog sponses with a double-flash paradigm. Grk7a-deficient that resembles the cone-specific expression of GRK7 zebrafish larvae showed recovery that was delayed by in cone-dominant mammals (Weiss et al., 2001) Our in vivo data indicate that in the absence of Grk7a From the eye donor, however, no ERGs could be meacone response recovery is delayed. sured. It remains to be seen if the absence of GRK7 in
In conclusion, we showed that the zebrafish paralog L/M cone is a general phenotype of ESCS.
of the cone-specific opsin kinase GRK7 does function In light of our results, the most parsimonious explain vivo and is essential for normal cone response recovnation for the role of cone-specific opsin kinases is that ery, similar to rhodopsin kinase in rods, suggesting that in humans GRK1 is involved in rod desensitization, but mechanisms such as spontaneous decay or pigment only minimally in cone desensitization. For humans and bleaching alone are not sufficient for cone light adapother species with sophisticated cone vision, another tation. kinase-namely, GRK7-is involved in cone desensitization. Mice, in contrast, use rhodopsin kinase for rods were thawed and washed three times in phosphate-buffered saline (PBS; 50 mM) (pH, 7.4) and treated with 20% normal goat serum Total RNA was reverse-transcribed with reverse transcriptase using oligo dT primer (First Strand Kit; Stratagene, La Jolla, CA). Polymer-(NGS) and 2% bovine serum albumin (BSA) in PBS containing 0.3% Triton X-100 (PBST) for 1 hr. Sections were then incubated overase chain reaction (PCR) was performed with Taq polymerase (Taq Gold; Applied Biosystems Biosystems, Switzerland), using nondenight in primary antibodies in PBST at 4°C. For Grk7a immunostaining, rabbit antisera against Grk7a 1:1000 generate oligonucleotide primers. Primer sequences were derived from transcripts predicted from ESTs and the genomic sequence. and the respective rabbit preimmune serum (negative control) were used as primary antibodies. The immunoreaction was visualized by Amplified fragments were ligated to TOPO PCR 2.1 or TOPO PCR-II (Invitrogen, Basel, Switzerland) and sequenced. To verify the using Alexa Fluor 488 anti-rabbit IgG (Molecular Probes, Leiden, Netherlands) 1:1000 as a secondary antibody. accuracy of the cDNA sequences, a minimum of two clones from different PCR reactions were analyzed for each region. AdditionFor the Grk7a-rhodopsin double staining, rabbit anti-Grk7a 1:1000 and mouse anti-rhodopsin (Rho; Biodesign, Saco, ME) ally, searches against the Ensembl trace database (http://trace. ensembl.org/) and EST sequences were performed. The final se-1:250 were used in a cocktail. The immunoreaction was visualized by using a mixture of Alexa Fluor 488 anti-rabbit 1:1000 and Alexa quence was derived from multiple alignments of sequenced and retrieved traces. Homology of cloned genes to their respective paFluor 568 anti-mouse IgG (Molecular Probes, Leiden, Netherlands) 1:1000 as secondary antibodies. For all immunocytochemical exralogs was derived with the bl2seq program using the BLOSUM62 scoring matrix (Tatusova and Madden, 1999) . The full coding nucleperiments, negative controls were carried out in the same way, but without using the first antibody. otide sequences (cds) for zebrafish grk7a and grk7b have been deposited in the GenBank database under the GenBank accession For Richardson stainings, sections (7 m) were stained with 1% methylene blue and 1% borax in deionized water for 1 min and number (AY900004) and (AY900005), respectively. The nucleotide sequences for zebrafish grk1a and grk1b have been deposited under then coverslipped. the accession numbers (AY900002) and (AY900003). The nucleotide sequence for the partial cds of zebrafish c-arrestin received the Photography accession number (AY900006).
Stained whole-mount embryos were photographed in 100% glycerol A recombinant GST-Grk7a fusion protein was constructed by amunder a dissecting microscope (Leica MZ FLIII with a Leica DC300F). plifying a 1722 bp product from the grk7a cds with primers grk7a_
Technovit cross-sections and immunolabeling on slides were viewed rec_fw and grk7a_rev. Bank accession number NP_031419), which shares 98% identity with zebrafish Beta-actin. For this purpose, membranes were cut Antibodies at 50 kDa. The upper part was incubated with anti-Grk7a antibodRabbit antisera against two peptides of Grk7a (peptide 1: 385 -ies. The lower part was incubated with anti-Beta-actin. Semiquanti-398; CFKGPDAKKEKVEKE and peptide 2: 521 -535; CLFDELS tative analysis of the GRK7a knockdown ratio was done by evaluat-DPNRKESSG) were made by Eurogentec (Seraing, Belgium) with a ing three independent injection experiments with the gel analysis N-terminal C added. We refer to affinity-purified antibodies against tool in ImageJ (NIH, Bethesda, MD). Autoradiographic films were peptide2 as anti-Grk7a in this paper.
imaged with a scanner. The relationship between autoradiography values and gray values was linearized by blotting a dilution series that was used to calibrate scanned blots. 
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